: As noble liquid time projection chambers grow in size their high voltage requirements increase, and detailed, reproducible studies of dielectric breakdown and the onset of electroluminescence are needed to inform their design. The Xenon Breakdown Apparatus (XeBrA) is a 5-liter cryogenic chamber built to characterize the DC high voltage breakdown behavior of liquid xenon and liquid argon. Electrodes with areas up to 33 cm 2 were tested while varying the cathode-anode separation from 1 to 6 mm with a voltage difference up to 75 kV. A power-law relationship between breakdown field and electrode area was observed. The breakdown behavior of liquid argon and liquid xenon within the same experimental apparatus was comparable.
Introduction
The goal of the Xenon Breakdown Apparatus (XeBrA) at the Lawrence Berkeley National Laboratory (LBNL) is to characterize the high voltage (HV) breakdown behavior in liquid argon (LAr) and liquid xenon (LXe). Its characterization improves our understanding of DC dielectric breakdown and also informs the design of the next-generation of noble liquid time projection chambers (TPCs), such as DarkSide20k [1] , DUNE [2] , DARWIN [3] , and nEXO [4] . Dielectric breakdown in a twophase TPC is a concern because it can damage detector hardware, and detector performance can be compromised by spurious light and charge emission at lower voltages before complete breakdown occurs.
The original measurements of LAr breakdown were made over micrometer gap distances [5, 6] , but experiments at larger scales were not able to reach the fields of these first studies. Later measurements in LAr at millimeter scales revealed that the threshold for dielectric breakdown decreases as the surface area of the electrodes is increased [7, 8] . This behavior is likely also present in LXe, but comprehensive studies of dielectric breakdown behavior for large area electrodes in LXe have not been published.
Dielectric breakdown has been of interest for many decades in various other materials due to their application as insulators in electric power generation and transmission. Here, the focus is on breakdowns under DC fields in noble liquid dielectrics. A universally agreed-upon factor affecting DC breakdown behavior is the stressed area effect [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Some studies also report a decreasing dielectric strength with an increase of the stressed liquid volume [12, 13, 15, 16] . However, unless the tested geometries are very different, the area and volume effects are hard to distinguish.
Even with this common understanding, a first-principles theoretical description of the dependence of breakdown on the electrode has still not been developed. The weakest-link Weibull model provides an empirical explanation of the statistical origins of the area effect and is discussed in section 1.1. The physics of the initiation of dielectric breakdown and the succeeding discharge evolution within liquids remains an active subject of research [18] . Other than the electrode area, many other physical parameters have been observed to affect dielectric breakdown:
• Surface finish: Electrodes with a mirror finish have been shown to sustain higher electric fields in liquid helium (LHe) [13, 14] and in liquid nitrogen (LN) [12] than less polished electrodes. Electron emission from electrode surfaces is likely an initiator of dielectric breakdown; it has been shown that emission rates from cathodic stainless steel wires into LXe are greatly reduced by acid passivation and electropolishing processes [19] .
• Material: Electrode materials, as well as surface oxidation, have been shown to affect dielectric breakdown in LAr [6] and LHe [13, 14, 20] .
• Pressure and temperature: Breakdown fields increased with increasing pressure in LN [11, 20] and LHe [14, 21] . However, some earlier studies in LN saw a decrease in breakdown fields with increasing temperature, [11] which correlates directly with pressure.
• Purity: Impurities lowered breakdown fields in transformer oil [22] and LHe [14, 20] . Conversely, in LAr, the presence of impurities increased breakdown fields [6, 7, 23 ].
• Polarity: In LAr [7, 23] , LN [12] , and LHe [14, 24] , research has shown that sparks during dielectric breakdown are initialized on the cathode surface and are affected by spacecharge effects on the cathode surface and in the stressed volume. However, the formation of filamentary discharges, known as streamers, has been shown to be preferentially initiated at the anode in a wide range of other liquids [25] .
• Capacitance: References [26, 27] have observed that adding parallel capacitance to a pair of electrodes separated by vacuum or transformer oil lowered the threshold of dielectric breakdown and increased damage to the electrodes. This is attributed to the increased stored energy accessible to a growing discharge.
• Circulation speed: The breakdown field in transformer oil has been shown to depend on fluid circulation velocity [22] .
• Conditioning: Conditioning is frequently used in vacuum to increase the breakdown fields of surfaces, particularly with impulse voltage [17, 28, 29] . It is similarly used in wire chambers and transformer oil [22] . Applying high electric fields to critical regions serves to ablate impurities and surface irregularities that might initiate breakdown. This is only productive if the conditioning discharges do not damage the electrode surfaces. The utility of conditioning electrode surfaces is unclear in LHe [14, 30, 31] and unreported for other noble liquids.
The Weibull weakest-link model as applied to surface-initiated dielectric breakdown
Consider an electrode surface that is subdivided into many independent elements, each of which must withstand an applied electric field E for the entire electrode to avoid breakdown. Weibull recognized that dielectric breakdown could be described with a weakest-link model, in which the failure of an object composed of many independent elements is determined by the failure of its weakest component [32] . In such objects, if the survival probabilities of the individual elements follow power-law distributions, the scaling behavior of the survival probability of the composed object can be predicted [32, 33] . The statistical basis for weakest-link models is called extreme-value theory.
Suppose that the probability S 0 that a surface element of area α can withstand an electric field E follows the power law
where is a reference field that sets the overall scale of the distribution. The probability that an electrode composed of A/α area elements, each independent and characterized by S 0 , can withstand an electric field E is then
where F is the probability of failure of the electrode. Differentiating F with respect to E gives the Weibull distribution of the failure probability as a function of the field:
where k and λ = (α/A) 1/k are the shape and scale parameters of the distribution.
The scaling of breakdown distributions with area can be understood through equations 1.2 and 1.3. If electrodes of varying area are tested, while the remaining experimental conditions (encoded in , α, and k) are fixed, then S(E, A) and g(E) A are functions of only the electric field E and electrode area A. Each tested area will result in a distribution of breakdown fields with a median field value E m (A). The median values lie on a line specified by
where b = 1/k is the area scaling exponent. Other features such as the mean and mode of g(E) A result from setting S(E, A) to other values in equation 1.4. These also follow the scaling of equation 1.5, which is a consequence of holding S(E, A) constant. Equation 1.5 enables prediction of the breakdown behavior of electrodes with different areas from the Weibull distribution obtained from the breakdown distribution of a single electrode. This approach has been taken in many publications [9, 15, 16, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] and most recently confirmed in [7] for LAr.
The Weibull distribution of equation 1.3 results from the power-law scaling form chosen in equation 1.1. This distribution is one of three that satisfy the requirement that the distribution remains unchanged (except for scale) when the number of elements that may fail is varied [44] [45] [46] [47] . Two other distributions (Gumbel and Fréchet) are also applicable to weakest-link theory when modeling distributions in which the tail of events surviving to high stress decays relatively slowly [48] .
The experiments described here consist of exposing electrode surfaces to electric fields that increase linearly in time. The effect of ramp rate on the DC breakdown field distribution in noble liquids is uncertain and mostly unexplored. In LAr, the MicroBooNE collaboration found no difference in the breakdown distributions obtained from testing a 1 mm gap under DC fields at 50 V/s and 250 V/s ramp rates [7] . In normal LHe, increasing the period between ramped AC breakdown tests from 1 to 8 minutes resulted in a 30% increase in average breakdown field across a 0.4 mm gap between 25 mm radius electrodes [31] . The effects of varying the ramping rate are unreported in LHe except for a measurement of ramped AC field across a 4.5 mm gap, which finds a slight decrease in breakdown field at longer timescales [49] . Reference [42] provides a general framework for incorporating timescale effects into the Weibull analysis of dielectric breakdown.
Experimental setup

XeBrA design
XeBrA can be filled with either LAr or LXe, making it the first apparatus to enable a direct comparison of HV behavior between these noble liquids. The initial studies in XeBrA were focused on exploring the area effect. The largest reported stressed area in the literature in LAr is only 3 cm 2 , limited by the geometry of the electrodes. To overcome this limitation, XeBrA utilizes axially symmetric Rogowski electrodes [50, 51] optimized for field uniformity over large areas, providing more relevant insight for large experiments. The CAD rendering of the apparatus is shown in figure 1 , and photographs of the apparatus are shown in figure 2. The top electrode was grounded and attached to a linear translation stage that changed the vertical separation of the electrodes from 1 to 6 mm in this work, corresponding to stressed areas of 11.2-32.6 cm 2 . As the vertical separation between the electrodes increases, so does the stressed electrode area, rising to 58 cm 2 at a 10 mm separation. This is because the boundary defining the stressed electrode area grows with the increasing separation of electrodes, which is a feature of their design. Refer to section 2.2 for details.
The HV electrode was attached to an alumina ceramic feedthrough1 rated to 100 kV and 6.5 A DC in vacuum. An alignment joint served as an HV connection between the electrode and the feedthrough, with a ball spindle located near the top of the joint allowing for angular adjustment of the lower electrode. Pressure-sensitive recording film was used to align the lower electrode parallel to the upper electrode within the apparatus after assembly. This ensured uniformity of the electric field between the electrodes. The simulation of the electric field inside the active volume for a 5 mm electrode separation is shown in figure 3 . The DC dielectric constant of LXe was modeled as 1.85, which is typical of measured values in the scientific literature [52] [53] [54] [55] . The dielectric constant of alumina ceramic was modeled as 9.4. The HV power supply2 was limited to -75 kV during operations with a maximum current of 10 µA DC. The power supply could be controlled either manually or remotely through a L V interface. A 956 kΩ resistor installed between the power supply and the apparatus limited the peak current and minimized the stored energy available to breakdowns. Polyethylene cables3 connected the power supply, the limiting resistor, and the ceramic feedthrough. The total length of the cable between the limiting resistor and the feedthrough was 2.1 m. The anode was soft-grounded through a 1 kΩ resistor in series with anti-parallel diodes. Following the resistor was instrumentation to detect current flow that may precede complete breakdown; transient currents were sensed by capacitively coupling the point following the resistor to a charge-sensitive amplifier and to a picoammeter to sense DC leakage currents.
Additionally, a photomultiplier tube (PMT) and a purity monitor were installed directly adjacent 2Spellman, model SL100N10/CMS/LL20 3Dielectric Sciences, model 2121 figure) . Maximum field occurs between the two electrode faces. At 5 mm electrode separation, the maximum field between the electrode faces is 150 kV/cm, while the second-highest field in the apparatus (54 kV/cm) is at the rounded part of the alignment joint.
to the central chamber, while two of the 4.5 in ConFlat ports were used as viewports. The purity monitor measured the lifetime of electrons as they drift through the noble liquid, which directly relates to the liquid purity level. A purity measurement was desired since prior work in LAr suggests that breakdown strength depends on the presence of impurities in the liquid, with HV breakdown occurring at higher fields with higher levels of electronegative contaminants [7, 23] . Very low impurity levels are desired in XeBrA because the results are intended to inform direct dark matter and neutrino experiments, which typically operate with very long electron lifetimes of O(1 ms). The purity monitor design was similar to the instruments developed for the ICARUS experiment [56, 57] . Details about the design, development, and operating principles of the purity monitor can be found in [58] .
The experimental chamber was wrapped in multi-layer insulation and contained in a vacuum vessel. A cast-epoxy HV feedthrough4 rated to 100 kV DC terminated the HV cable from the limiting resistor and provided an HV terminal inside the vacuum vessel. The apparatus was cooled through a heat exchanger attached to the cold head of a pulse tube refrigerator, and the temperature was controlled by a heater on the heat exchanger governed by a feedback loop. Two copper thermal links each conducted ∼1.5 W of heat to the cold head from flanges below the central chamber. This sub-cooled the liquid between the electrodes and around the ceramic feedthrough, limiting bubble formation.
A dedicated gas recirculation and purification system was designed and built for the experiment. A custom oil-free scroll pump5 continuously circulated gas through a heated zirconium getter6, which cleaned the gas of non-noble impurities. The xenon gas was also cleaned of water and oxygen by in-line chemical purifiers7 before the initial gas condensation. The system was instrumented with pressure and temperature transducers and operated through a programmable logic controller (PLC).
Experimental procedure and data collection
Data presented are from one LAr data acquisition (Run 1) and two LXe data acquisitions (Runs 2 and 3). Data collection started in May 2018 and continued intermittently until September 2018. During acquisition, the HV was ramped automatically by the PLC in 100 V increments. Three ramp rates were used, as shown in table 1 along with other parameters relevant to the experiment. The voltage ramp increased until a breakdown, after which the cathode was held at ground for 10-20 seconds prior to starting another ramp. Tens to hundreds of breakdown events were measured at each electrode separation. The electrode separation was calibrated by zeroing the caliper on the linear translation stage as the electrodes touched faces.
A key quantity of interest is the stressed cathode (or electrode) area (SEA). Here, following other publications, it is defined as the area of the cathode surface with an electric field magnitude exceeding 90% of the maximum electric field, as illustrated in figure 4 . The radius corresponding to the boundary of the SEA was obtained from simulations in COMSOL Multiphysics v5.0 [59]. The area was then calculated from this radius by assuming that the Rogowski electrodes are perfectly flat within the region of interest. Note that as the electrode separation increases, the SEA increases as well, but the electric field becomes slightly less uniform.
To achieve a comparable state for measurements at each electrode separation, data at a given separation were usually collected during the day after the system was held at a stable pressure overnight. This resulted in more breakdown events measured at smaller separations since less time was needed to ramp to lower voltages. The location of the sparks between the electrodes varied between subsequent breakdowns and spanned the entire stressed surface of the electrodes. The data were acquired only when the fluid around the electrodes and the ceramic feedthrough was seen The electric field between two Rogowski electrodes separated by 10 mm and enclosed in a distant grounded tube with -75 kV applied to the cathode. The teal line on the upper surface of the lower electrode illustrates the region of the cathode surface at this electrode spacing where the electric field magnitude is above 90% of the maximum field. This line covers the stressed area of the electrode, and it shortens as the electrodes approach. Right: Plot of the electric field magnitude along the cathode surface for the geometry on the left normalized to the maximum electric field. The dotted teal arrows illustrate the determination of the stressed electrode radius, which contains electric fields above 90% of the maximum field and bounds the stressed area. to be in a bubble-free state. The detector was not assembled in a clean room and specks of dust were sometimes visible on the electrode surfaces, usually near the beginning of each run. The dust moved away from the electrode surfaces due to liquid circulation, convective effects of breakdown, and bubbles. Note that the temperature inside the central chamber varied by 7 degrees in LAr and by 11 degrees in LXe throughout the measurements.
The purity monitor in LAr indicated an electron lifetime of ∼400 µs, which corresponds to ∼ 1 ppb oxygen equivalent impurities. However, due to a purity monitor malfunction, this represents a lower limit on the electron lifetime. Purity measurements in LXe were not performed using the purity monitor due to technical difficulties, and a measurement is not available for Run 2. In Run 3, the purity was measured using the scintillation properties of xenon [60] , resulting in an electron lifetime of 2.2 µs, or 200 ppb oxygen equivalent impurities. This information is summarized in table 2.
Statistical and systematic errors
Sufficient data were collected at each separation to suppress statistical errors, so systematic errors dominate the results presented in this work. Several sources of systematic error were considered. A 0.1 mm uncertainty was estimated for the electrode separation based on the mechanical error of zeroing the electrodes. Additionally, errors in the parallelism of the electrodes were considered. Our experiments with the visual perception of parallelism limit this uncertainty to 0.3 • in each axis, giving a 0.4 • systematic parallelism error. A 100 V uncertainty on the breakdown voltage was estimated based on the minimum power supply voltage increment.
Errors from pressure fluctuations and conditioning effects were also taken into account. To estimate the systematic error caused by the variation of pressure, the data were divided into low-and high-pressure subsets for each electrode separation. The difference in the average breakdown value for the lower and higher pressure data sets was then taken as a systematic error on the breakdown voltage. Similarly, to account for conditioning effects, the data at each electrode separation were split into two groups based on the time of data collection. The difference in breakdown voltage for the earlier and later halves of data was treated as a systematic error. All the systematic errors were treated as uncorrected uncertainties in the analysis. The statistical and systematic errors of the LAr measurements are shown in Figure 5 shows a picture of a spark in LAr. The characteristic behavior of the dielectric breakdown field as a function of stressed electrode area is shown in figure 6 . This figure combines experimental data available in the literature with data obtained in XeBrA at 1.5 bar. All data in XeBrA were taken using the same electrodes by varying the separation from 1 to 6 mm, which changed the stressed area. Each data point from XeBrA is the mean value of all measurements from one run taken at the same electrode distance. Figure 6 shows the breakdown field as a function of 90% stressed cathode area, using data with impurity levels lower than 10 ppb available in the literature. Since data in LAr in XeBrA were collected at two different pressures, figure 7 compares the breakdown performance at 1.5 bar and 2 bar. The data at each pressure were fit to equation 1.5. At 1.5 bar the slope was b = 0.31 ± 0.16 while at 2 bar b = 0.11 ± 0.12. Although not conclusive, the [7] and were taken at 1.0-1.6 bar. Measurements from the Laboratory of High Energy Physics (LHEP) at the University of Bern were published in [8] and were taken at 1.2 bar. Note that electrodes with various geometries, dimensions, and separations (and hence maximal voltages) are included in this plot to study the area effect.
Results
Liquid argon
slope at 1.5 bar appears to be steeper than for 2 bar, consistent with the effects observed in LN and LHe [11, 14, 20, 21] . It is possible that this reflects a change in the propensity of bubble formation to act as a breakdown initiation mechanism. If this were the case, the relevant parameter is the difference between the absolute pressure and the vapor pressure of the fluid contacting the electrode surfaces, rather than simply the absolute pressure. An experiment designed to precisely measure and control the temperature between the electrodes could determine pressure effects definitively.
Additionally, a picoammeter measured the leakage current at the anode, but no apparent dependence on cathode voltage was observed. The leakage current was < 50 fA in LAr.
Liquid xenon
Data collected in Runs 2 and 3 did not exhibit dependence on purity, so both acquisitions are included in the following analysis. The characteristic behavior of dielectric breakdown as a function of 90% stressed electrode area is shown in figure 8 . All data were taken using the same electrodes by varying the separation from 1 to 5 mm in Run 2 and from 1 to 2 mm in Run 3. A fit to equation 1.5, E M = C · (A/cm 2 ) −b , was performed where C = 171 ± 8 kV/cm and b = 0.13 ± 0.02. This fit includes a data point from SLAC National Accelerator Laboratory [61] as shown in the figure. The volume effect was also studied, see reference [58] for details. A picoammeter measured the leakage current at the anode, but no apparent dependence on cathode voltage was observed. The leakage current was < 5 fA in LXe.
Comparison of liquid argon and liquid xenon data
The unique construction of XeBrA enables direct comparison of data acquired in LXe and LAr with the same geometry and electrodes. Figure 9 shows all data obtained in XeBrA in LXe and LAr as a function of stressed electrode area. There does not appear to be a significant difference between breakdown behavior in LXe and LAr.
Modeling breakdown with a Weibull function
To test the weakest-link theory, the 2-parameter Weibull function of equation 1.3 was fit to the data from LXe Run 3. The distributions for other data acquisitions appeared Weibull-like, but due to the small number of samples, the errors of the fit parameters were too large for a meaningful result. The resulting fit to data in LXe Run 3 from a 1 mm electrode separation is shown in figure 10 . The values of the fitted parameters were k = 9.2 ± 0.2 and λ = 10.10 ± 0.03 kV/cm. A fit to a Gumbel distribution was also attempted but did not yield good agreement with data.
Ideally, a fit to the breakdown distribution at any electrode separation from Run 3 in LXe would yield a similar value of the k parameter. Therefore, data from other electrode separations in LXe Run 3 were also fit; for 1.4 mm separation the fit yielded k = 8.2 ± 0.9, and for 2 mm separation the fit yielded k = 12.8 ± 1.8. The value of k can be compared to that obtained from the fit to the area scaling in figure 8 , since k = 1/b. The value of k obtained from the area scaling is k = 7.7 ± 1.2. The SLAC result is taken from [61] . Data from XeBrA were taken at 2 bar. This presents a positive outlook for the LZ dark matter experiment [62] : The largest cathodic surface within the LZ detector is the cathode grid ring, with a simulated 90% stressed area of 500 cm 2 and a maximum field of 26 kV/cm, while a maximum field of 29 kV/cm over an area of 150 cm 2 is simulated at the first reverse field ring. These values correspond to the LZ cathode design voltage of 100 kV and are ∼3x below the breakdown fields predicted by the above scaling. 
Discussion
The first data from XeBrA shed some light on the characteristics of HV breakdown in LAr and LXe. The dielectric strength of these two liquids has been measured with the same apparatus for the first time and shown to be very similar at the areas investigated. The measurements extend the area scaling power law previously observed in LAr to larger scales and suggest that a similar trend exists in LXe. The distribution of breakdown fields at a fixed gap in LXe is well described by a Weibull function and is consistent with the limited data available on area scaling in LXe. However, further studies are needed to confirm the validity of the Weibull hypothesis as an explanation for the stressed-area scaling effect. Since the current XeBrA configuration cannot accommodate larger electrodes, smaller electrodes can be installed to evaluate breakdown at a broader range of SEA and to explore breakdown statistics in LXe. A future study, with larger sample sizes and therefore more opportunity for statistical rigor, could confirm the applicability of the weakest-link theory.
One explanation for the stressed area effect is that increasing the locally stored energy raises the probability that a weak initiating event grows into a breakdown event. This proposes that the area effect is simply a consequence of the correlation between the SEA and inter-electrode capacitance [26, 27] . In XeBrA, the capacitive energy available to the electrodes is dominated by the capacitance of the HV supply cable. This provides an opportunity to test whether the available capacitive energy affects breakdown behavior by simply increasing the length of the cable.
Many parameters that may affect dielectric breakdown in noble liquids can be explored with the XeBrA apparatus. Electrodes from various materials, with diverse coatings [63, 64] , and with different surface finishes [65, 66] can be studied. A promising direction to explore is whether the surface treatments that result in the dramatic reduction of electron emission from stainless steel wires also increase the dielectric strength of noble liquids between similarly-treated stainless steel electrodes [19] . Additionally, various impurities could be introduced to the system to investigate their effects on dielectric breakdown and electron lifetime. Further studies will also simultaneously include acquisition of signals from PMT, picoammeter, and charge-sensitive amplifier channels to study the onset of leakage currents and electroluminescence prior to a full breakdown in LAr and LXe.
Summary
Dielectric breakdown behavior is a complex process influenced by many parameters that are often correlated in ways that make their effects difficult to distinguish. This difficulty is compounded when comparing results among studies because of the large number of uncontrolled and unreported parameters.
XeBrA is the first experiment to provide systematic studies of dielectric breakdown in LAr and LXe at stressed electrode areas greater than 3 cm 2 . Results from XeBrA have further validated the existence of an area scaling effect for breakdown behavior in these liquids, but the HV breakdown in XeBrA in LAr occurred at slightly higher fields than what scaling predicts from previous LAr studies. No dependence of leakage current on the electric field was observed in either LAr or LXe. Preliminary data suggest that breakdown occurs at higher fields in LAr at higher pressures, but due to the substantial uncertainties in experimental conditions, no definitive conclusion regarding breakdown dependence on pressure is possible.
This study also fit a breakdown distribution from LXe with a Weibull function to examine the applicability of the weakest-link theory. The parameter values obtained from the Weibull fits were roughly consistent with each other and with that obtained from the stressed area scaling.
